A new method for the simultaneous determination of lead, cadmium and mercury ions in microwave-digested foodstuffs by reversed-phase high-performance liquid chromatography combined with on-line enrichment technique has been developed. The foodstuff samples were digested by microwave digestion. The lead, cadmium and mercury ions can be precolumn derivatized with 5,10,15,20-tetrakis(3-aminophenyl)porphine (T3APP) to form color chelates; then, the Hg-T3APP, Cd-T3APP and Pb-T3APP chelates can be enriched and separated on a valve switching HPLC system combined with on-line enrichment technique. The linearity ranges are 0.01 -120 µg/l for each metal ion. The detection limits (S/N = 3) of lead, cadmium and mercury are 1.2 ng/l, 0.5 ng/l and 0.8 ng/l, respectively. This method was applied to the determination of lead, cadmium and mercury in foodstuffs with good results.
The RP-HPLC technique with precolumn derivatization has been proved to be a favorable and reliable technique for the separation and determination of trace amounts of metal ions. Many kinds of reagent, such as 8-quinolinol derivatives, 1-3 azo dyes, [4] [5] [6] [7] [8] β-diketones, 9-10 hydrazones, [11] [12] [13] dithiocarbamate, [14] [15] [16] [17] cyclohexanediamine, [18] [19] porphyrin [20] [21] [22] and the like, have been examined as pre-column derivatization regents. Several review articles have appeared concerning this approach. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Among the various reagents, porphyrins showed the advantages that they have strong complexing ability and their metal chelates have high sensitivity and stability. [20] [21] [22] [23] [24] [25] Due to these facts, porphyrin reagents have received even-more attention and are widely applied to the simultaneous determination of metal ions. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] However, for the simultaneous determination of heavy metal ions, the traditional RP-HPLC techniques have some disadvantages. On the one hand, the most dangerous heavy metal ions (lead, cadmium and mercury), their porphyrin chelates are unstable. Namely, the lead, cadmium and mercury ions in porphyrin chelates are easy to be exchanged by other transition-metal ions. This may lead the porphyrin chelates decomposing before HPLC separation. 20, 24, 25 On the other hand, because the metal-porphyrin chelates have a narrow absorption band, of using a single-wavelength detector for the simultaneous monitoring of several metal chelates can not obtain high sensitivity, especially for the lead ion. 20, 24, 25 For the above reasons, the simultaneous determination of lead, cadmium and mercury has received little attention. The determination of trace lead, cadmium and mercury ions in foodstuff is very important because of their high toxicity. In the present study, the lead, cadmium and mercury ions were precolumn derivatized by 5,10,15,20-tetrakis(3-aminophenyl)-porphine (T3APP) and the metal-exchange of Pb-T3APP, Hg-T-APP, Cd-T3APP chelates with other transition metal ions was prevented by adding a large excess amount of T3APP. By using a valve switching HPLC system equipped with a photodiode array detector, the metal-chelates were satisfactorily proconcentrated and separated on a Waters Xterra TM RP18 column, and each metal chelate can be monitored at its maximum absorption wavelength. The lead, cadmium, and mercury in foodstuff were simultaneously determined with good results.
Experimental

Apparatus
The on-line column enrichment system used is shown in Fig.  1 . The enrichment column is a Waters Xterra TM RP18 (5 µ, 3.9 × 20) and the analytical column is a Waters Xterra TM RP18 (5 µ, 3.9 × 150). The pH value was determined with a Beckman Φ-200 pH meter.
Chemicals
All of the solutions were prepared with ultra-pure water, which was obtained from a Milli-Q 50 SP Reagent Water System (Millipore Corporation, USA). Lead(II), cadmium(II) and mercury(II) standard solution: 1.0 mg/ml (obtained from Chinese Standards Center), a working solution of 0.2 mg/ml was prepared by diluting this standard solution. A pyrrolidineacetic acid buffer solution (0.5 mol/l, pH = 10, T3APP) was synthesized by our laboratory according to the literature, 43 and was dissolved with THF to make a 1.5 × 10 -4 mol/l of solution. Mobile-phase A, 0.05 mol/l pH = 10 pyrrolidine-acetic acid buffer solution; mobile-phase B, methanol (containing 0.05 mol/l pH = 10 pyrrolidine-acetic acid buffer salt) and mobilephase C, acetone (containing 0.05 mol/l pH = 10 pyrrolidine-acetic acid buffer salt). All other reagents used were of analytical reagent-grade. The glass and Teflon wares used were soaked in 5% nitric acid for a period of time, and then thoroughly washed with pure water.
Standard procedure
First, 0 -15 ml of 0.2 µg/ml of the standard or a digested sample solution was transferred in a 25 ml of volumetric flask, to which 5.0 ml of a T3APP THF solution and 5 ml of a 0.5 mol/l pH = 10 pyrrolidine-acetic acid buffer solution were added, and diluted to volume with water and mixed well. The mixture was heated in a boiling water bath for 15 min. After being cooled, and diluted to volume with THF for subsequent analysis, a 5.0 ml of solution was introduced into injector and sent to an enrichment column with mobile phase A at a flow rate of 2.0 ml/min. After the enrichment had finished, by switching the valve of six ports switching valve, the metal-T3APP chelates, which absorbed onto the foreside of enrichment column, were eluted by mobile phase B and mobile phase C at a flow rate of 1.0 ml/min in the opposite direction. They traveled towards an analytical column and separated on it.
A tridimensional chromatogram was recorded from 350 -600 nm with a photodiode array detector; the chromatogram of 450 nm is shown in Fig. 2 . During the course of HPLC separation, the composition of mobile phase was selected as following: 0 min (100% B and 0% C), 10 min (80% B and 20% C) in linear ramp. Each metal-T3APP chelate was detected at its maximum absorption wavelength: Hg-T3APP, 451 nm; Pb-T3APP, 466 nm; and Cd-T3APP, 439 nm.
Results and Discussion
Precolumn derivation
In a weak alkaline medium of pH 8.5 -12, Hg(II), Pb(II) and Cd(II) can form stable and colored chelates with T3APP. Thus, a 0.5 mol/l of pH = 10 pyrrolidine-acetic acid buffer solution was recommended to control the pH. It was found that a 0.5 ml of 1.5 × 10 -4 mol/l T3APP THF solution was sufficient to complex 3.0 mg of Hg(II), Pb(II) and Cd(II). However in real samples, the foreign ions, such as Mg 2+ , Cu 2+ , Pd 2+ , Co 2+ , Fe 3+ , Mn 2+ , Zn 2+ and the like, could complex with T3APP to consume the reagents. Thus, more T3APP was needed. In this experiment, a 5.0 ml of 1.5 × 10 -4 mol/l T3APP solution was recommended. The reactions of Hg(II), Pb(II) and Cd(II) with T3APP were slow at room temperature.
Heating could accelerate the reaction. The reaction was complete for heating in a boiling water bath for 15 min, and the chelates were stable for at least 4 h after being cooled; thus, a heating time of 15 min was selected.
On-line enrichment
The Hg-T3APP, Pb-T3APP and Cd-T3APP chelates are stable in a weak alkaline medium. To avoid the chelates from decomposing, a 0.05 mol/l of pH = 10 pyrrolidine-acetic acid buffer solution (mobile phase A) was selected as the mobile phase to send the chelates to the enrichment column, and a Waters Xterra TM RP18 (5 µ, 3.9 × 20) chromatographic column was selected as the enrichment column.
Spectrophotometric properties
From a tridimensional chromatogram recorded by a photodiode array detector, the absorption spectrum of metal-T3APP was obtained. The maximum absorption wavelengths of Hg-T3APP, Pb-T3APP and Cd-T3APP were 451 nm, 466 nm and 439 nm. To obtain the maximum sensitivity, each metal-T3APP chelates was monitored at its maximum absorption wavelength.
Chromatographic separation
The Hg-T3APP, Pb-T3APP and Cd-T3APP chelates were stable in a weak alkaline medium. The pH of the mobile phase being within 8.5 -12 could avoid the chelates from decomposing, and obtain a good peak shape. Thus, two weak alkaline solutions (mobile phase B, methanol (containing 0.05 mol/l of pH = 10 pyrrolidine-acetic acid buffer salt), and mobile phase C, acetone (containing 0.05 mol/l of pH = 10 pyrrolidine-acetic acid buffer salt) were recommended as the mobile phase. Because the usual silica bonds reversed-phase chromatographic column was not stable at pH 10, a Waters Xterra TM RP18 chromatographic column (5 µ, 3.9 × 150) was selected as the analytical column in this experiment. The Xterra TM RP18 column had good stability at pH values of 1 -12. The relative proportion of mobile phases B and C was varied so as to effect the separation. Experiments showed that gradient elution could produce a good result. The proper composition of the mobile phase during gradient elution was selected as follows: 0 min (100% B and 0% C), 10 min (80% B and 20% C) in linear ramp. 
Calibration graphs
Under the optimum conditions, regression equations of metal-T3APP chelates were established based on the standard samples injected and its peak areas. The limits of detection were calculated based on the signal to noise ratio (S/N = 3). The results are given in Table 1 . The reproducibility of this method was also examined for 10 µg/l of Pb(II), Cd(II) and Hg(II). The relative standard deviations (n = 10) are given in Table 1 .
Interference
Under the precolumn derivatization condition, foreign ions of Mg 2+ , Cu 2+ , Pd 2+ , Ni 2+ , Co 2+ , Fe 3+ , Mn 2+ , Zn 2+ , Pt 2+ , Ba 2+ , Ag + and Sn 2+ can react with T3APP to form color chelates. To examine the selectivity of this method, the interference of foreign ions was investigated. When 5.0 ml of 1.5 × 10 -4 mol/l T3APP was used with 10 µg/l of Pb(II), Cd(II) and Hg(II), respectively, the tolerance amount with an error of ±5% was given in Table 2 . The results showed that most foreign ions did not interfere with the determination. This method is highly selective.
Application to food sample
A 0.20 g of sample was accurately weighted into a Teflon high-pressure microwave acid-digestion bomb (Fei Yue Analytical Instrument Factory, Shanghai, China). A 2.5 ml portion of concentrated nitric acid and a 2.5 ml of 30% hydrogen peroxide were added. The bombs were tightly sealed and then positioned in the carousel of a microwave oven (Model WL 5001, 1000 W, Fei Yue Analytical Instrument Factory, Shanghai, China). The system was operated at full power for 6.0 min. The digest was evaporated to near dryness. The residue was dissolved with 5 ml of 5% of nitric acid and transferred into a 50 ml of calibrated flask quantitatively. The mixture was diluted to volume with water. The Hg, Pb and Cd contents were analyzed by using a proper volume of this solution according to the general procedure. The results are given in Table 3 , together with the results of a recovery test by adding 0.5 µg of Hg, Pb and Cd in the food sample. A reference method using ICP-MS has also been used as a reference method. The results are also given in Table 3 . For each food sample, the peaks purity of Hg-T3APP, Pb-T3APP and Cd-T3APP chelates were identified by a photodiode array detector to ensure that no foreign peaks overlapped with them.
Conclusion
The proposed method used a Waters Xterra TM RP18 column to preconcentrate and separate Hg-T3APP, Pb-T3APP and Cd-T3APP with a weak alkaline buffer solution as a mobile phase for the gradient elution. A large excess amount of T3APP was used to prevent the metal-exchange of Pb-T3APP, Hg-T-APP, Cd-T3APP chelates with other transition-metal ions. By an online enrichment system, a large volume of sample (5 ml) could be injected. The system was easy to operate. Using a photodiode array detector, each metal-chelates could be monitored at its maximum absorption wavelength to obtain the maximum sensitivity, and the peak purity could be identified so as to avoid any foreign peak interference. It has proven to be more credible than that detected with a single-wavelength detector. By using microwave digestion, we only needed a small amount of sample (0.2 g), and a short time (digesting a set of samples only required 6.0 min). This method showed high sensitivity and selectivity, and was very rapid. It could be applied to the simultaneous determination of low concentrations of lead, cadmium and mercury in foodstuffs with satisfactory results. 
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